A new method using a thin-film multilayer filter is described to couple light from high-power LEDs into a thin light guide such as an LCD backlight. Light emitted below the critical angle is reflected back to the LED and recycled. Largeangle emitted light passes the filter and is transported by total internal reflection in the light guide. The light guide can be as thin as 0.3mm for an LED of 1x1mm 2 , and the best coupling efficiency is estimated to be around 80%. With this approach, a backlight system can be greatly simplified but also compact collimators can be realized. In this paper the optical design and testing of the filter is described, and a 1mm thick, 6.5mm diameter collimator is presented that emits in a cone of 2x13 o . Measurements on prototypes show good agreement with the designed characteristics.
INTRODUCTION
The significant progress in the brightness and lumen efficiency of light-emitting diodes (LEDs) has made them become the most promising light source for liquid crystal display (LCD) backlights. Thin backlights for LCDs can be realized by coupling light at the edges of a flat or wedge-like light guide. By means of total internal reflection (TIR), the light from LEDs can be guided and transported in the light guides, and then coupled outwardly to the LC panel by various extraction structures on the light guides. For higher uniformity of the light output or for higher total light output, it is more attractive to distribute LEDs across the surface of the light guide. One of the conventional ways of doing this is by using side-emitting LEDs in recessions in the light guide [1] . However, there are several drawbacks to this technique, such as thick light guides (3~6mm), the complicated structure and the precise alignment between LEDs and recessions, and the light shields placed above the LEDs to prevent light leakage.
The main objective of our new method is to overcome these drawbacks: the light can be coupled into a light guide without making any hole and recession in it. The new configuration is shown in Figure 1 , where a Luxeon Rebel is the light source, a high-power blue-LED (peak wavelength: 460nm, FWHM: 24nm) manufactured by Philips Lumileds. This new-generation LED is equipped with a 1x1mm 2 rough surface on the top of InGaN to increase the light extraction efficiency. The rough surface in conjunction with a mirror electrode behaves like a Lambertian reflector [2] , which makes the scattered intensity distribution follow Lambert's cosine law. We remove the original overmolded silicone dome and bring the flat LED surface in optical contact with the light guide by means of a silicone adhesive.
The most important aspect of our method is the dielectric multilayer filter deposited on the bottom of the light guide [3] . The filter is optimized to only transmit light emitted from the LED at angles larger than the critical angle, θ c at the light guide-air interface. Most of the light emitted at smaller angles is reflected towards the rough InGaN surface and is recycled. The ideal filter performance is illustrated in the right part of Figure 1 . 
Thin film optics design of the multilayer angular filter
In the design, the maximum number of layers was set at sixty layers and only two available materials were used, Nb 2 O 5 and SiO 2 . Commercial software, Essential MacLeod [4] , was used to optimize the performance of the filter. The ideal and targeted performance of the filter is (T F1 , T F2 ) = (0%, 100%) as shown in Figure 1 . With this filter, not only the coupling efficiency is maximized, but the leakage of light just above the LED is also minimized. In the thin-film optics design software, the average of s-and p-polarized transmission is optimized. Targets and weights were set for various parts of the LED spectrum and for various ranges of the incidence angle. In Figure 2 the angular dependent transmission of 460nm light is plotted of the final 54-layer design. Figure 3 zooms in on the angles of incidence smaller that the critical angles, and plots the transmission for various wavelengths. It is seen that in this angular range the transmission for this filter is well under 1%. 
Optical characterization of the thin film stack
The 54-layer filter was deposited by Philips Technology GmbH Global Technology Development (GTD Aachen). The spectral transmission of the filter was measured as a function of the incidence angle using a modified Perkin Elmer Spectrophotometer Lambda800 is shown in Figure 4 . The filter is sandwiched between two cylindrical lenses with index matching oil and clipped on a rotational stage, which can be rotated manually to change the incident angle. The cylindrical lenses enable to measure at large incident angles, as the incident material and substrate are both glass in the filter design. The set-up was modeled in the ray tracing program ASAP to study the effect of the beam divergence and the radius of the cylindrical lens, see Figure 5 . 
Test device
To test the performance of the interference filter, interference filter stacks were deposited on glass sheets of 150µm thickness. Pieces of 1.8x1.8mm 2 square were mounted on blue Luxeon Rebel LEDs. On top of the filter glass, 4mm diameter glass domes were glued, as schematically drawn in Figure 7 . In Figure 8 microscope pictures show that under ambient illumination the filter reflects all light and the LED appears like a mirror and hence dark under the microscope. When switched on, some blue emission is leaking through the filter. As a reference a standard Luxeon Rebel is pictured. The luminous intensity of the prototype is measured with a Source Imaging Goniometer from Radiant Imaging and a comparison with the results from a LightTools model is shown in Figure 9 and Figure 10 . As predicted the emission takes place in an angular ring at angles between approximately 45 o and 65 o . At angles below 40 o a higher intensity is measured than predicted. This can be attributed to light leakage through the edges of the glass that contains the filter, as can be seen as bright lines in the lower left picture in Figure 8 . When these edges are made absorbing, this low-angle light leakage is suppressed. o as shown in Figure 1 , and a reflectivity of the LED surface of 65%, the coupling efficiency can be calculated to be 79%. If the LED reflectivity can be increased to 85%, then the coupling efficiency approaches 90%. From ray tracing it shows that the minimum thickness of the light guide, t min in Figure 1 , can be reduced to 300µm without a penalty in flux.
Design of a compact collimator
A very compact collimator can be designed based on the multilayer filter approach. A filter as deposited on a 1x1mm 2 150µm thick glass substrate is mounted on an LED with silicone adhesive. A circular disk light guide made from PMMA is cone shaped with a facet at 26 o angle, as illustrated in Figure 11 , and mounted onto the filter glass. The PMMA piece is 1mm thick and tapers from 2.5mm to 6.5mm diameter. The optical performance of the prototype is measured with a Source Imaging Goniometer from Radiant Imaging and favourably compares with the results from the LightTools model as shown in Figure 12 . Our approach provides a compact alternative to the method presented in [5] , where light is recycled through the LED source using reflective micro-facets. In the present case thin film optics is applied, exploiting the relatively narrow spectral bandwidth of the LED emission. Looking into the source the spatial luminance distribution at perpendicular observation is shown in Figure 13 and a picture is given in Figure 14 . The luminance distribution is calculated using backward ray tracing and shows good agreement with the experiment. The light is seen to emerge from a ring shaped area, not spanning the full exit area. If the full 6.5mm diameter exit area were used, the étendue-limited Full Width at Half Maximum (FWHM) would be estimated as 2x8.5 o . Instead, as shown in Figure 12 , the measured FWHM is 2x13 o , which suggests that the optical design of the collimator can be improved. This has been verified in ray tracing modeling, where the relatively simple single facet cone has been replaced by a more intricate curved shape. Furthermore it is expected that the reflectivity of the LED surface will be improved in the future, increasing the recycling efficiency. The use of interference filters as angular recycling filters offers many interesting possibilities. For instance, restricting the transmission angular range of the filter will result in an even narrower collimation. The filter transmission characteristic might be improved by using more than just 2 materials in the interference stack. The concept is not limited to blue LEDs. It has already been proven that interference angular filters for red and green LEDs can be designed. 
